High temperature carrier controlled ferromagnetism in alkali doped ZnO nanorods
Recent progress in the growth of one-dimensional ͑1D͒ semiconductor nanostructures has provided significant opportunities for electronic and photonic nanodevice applications.
1,2 For the device fabrications, the electrical characteristics of semiconductor nanomaterials must be precisely controlled by impurity doping. Recent reports have shown that conductivity control by impurity doping in semiconductor nanomaterials is more problematic than in thinfilm technology. Dopant incorporation during conventional homogeneous doping process causes a change in the nanowire growth direction, resulting in structural deformation. 3, 4 In addition, unintentional defect formation during the process results in a significant decrease in the charge carrier mobility and can be the source of defect emission in the optical spectra. 5, 6 Delta-doping process, which generate dopant atoms that are confined within a few atomic layers, have been widely used for fabricating modulation-doped thin-film heterostructures. 7 For 1D semiconductor nanostructures, the modulation-doping process forms dopant layers on the surfaces of the 1D nanostructures, which can show a more significantly enhanced modulation-doping effect due to their high surface to volume ratio. 8 ZnO 1D nanostructures, including nanorods and nanowires, have been used in many electronic device applications. For example, transparent conducting ZnO thin films have been widely used as window electrodes for flat panel displays, touch panels, and solar cells, because of their excellent optical transparency and controllable electrical conductivity. Conventional ZnO thin films have been studied as semiconducting channels in thin-film transistors for electronic circuit applications. However, the transparent transistor applications are limited by poor device performance resulting from difficulty in preparing high-quality ZnO materials on glass substrates. An alternative approach is to use single crystal ZnO nanorods, which have a high charge carrier mobility and a low defect density, as building blocks for nanoscale electronics. [9] [10] [11] For the nanodevice applications, precise control of conductivity is required. Ga is well-known as an n-type dopant in ZnO and has been employed to increase the conductivity of ZnO nanorods and nanowires. 4, 6, 12 However, previous studies employing homogeneous doping of Ga in ZnO 1D nanostructures have reported unintentional effects, including an optical degradation 6, 12 and structural deformation. 4, 6 Here, we report on the modulation-doping technique to control electrical characteristics of ZnO nanorods for field effect transistor ͑FET͒ applications.
Ga-doped ZnO nanorods were grown on a Si ͑100͒ substrate using a low-pressure metal-organic chemical vapor deposition system without a metal catalysts. Except for gas interruption, the growth conditions and procedures of Gadoped ZnO nanorods were practically identical to those used for growing the nominally undoped ZnO nanorods, as described elsewhere in the literature. 13 As shown in Fig. 1͑a͒ , the modulation-doping process introduces gas flow interruption during the growth. After growth of undoped ZnO nanorods, diethyl-Zn ͑DEZn͒ and oxygen gas flows were then halted and trimethyl-Ga ͑TMGa͒ was introduced into the reactor for a typical duration of 5 s. After this, DEZn was introduced into the reactor for 2 s, then oxygen was supplied together with the DEZn for a further 5 s in order to deposit a ZnO capping layer without forming a gallium oxide.
Optical and structural characterization of the nanorods was carried out by using photoluminescence ͑PL͒ spectroscopy, scanning electron microscopy ͑SEM͒, and transmission electron microscopy ͑TEM͒ as details in the measurements are reported elsewhere. 14, 15 FETs fabricated from individual ZnO nanorods were studied in order to investigate the electrical characteristics of Ga-modulation-doped ZnO nanorods. The device fabrication method was quite similar to that in our previous report except we did not use the post thermal annealing process here, 10 as it may induce interdiffusion of the dopants. Although thermal annealing was not employed, good Ohmic contacts on the doped nanorods were formed using the Ti/Au layer. All electrical measurements were performed in a vacuum chamber at 10 −6 Torr and at room temperature in order to minimize the effect of environmental gases on the electrical characteristics of the nanorods, as previously reported. 16 The surface morphology of the ZnO nanorods was investigated using SEM and TEM. As shown in Fig. 1͑b͒ , smooth surfaces were observed for Ga-modulation-doped ZnO nanorods, in contrast to roughened sidewalls for the homogeneously doped nanorods. The morphological change in the 1D semiconductor nanostructures during the homogeneous doping was consistent with previous work. 3, 4, 17 In addition to the morphological change, previous studies reported a change in the nanorod growth direction from ͓0001͔ to ͓1012͔ during continuous Ga incorporation, and concurrent structural deformation. 4 In contrast, for modulation-doped ZnO nanorods, a clear single crystalline lattice without any structural defects was observed from the high-resolution ͑HR͒-TEM image, as shown in Fig. 1͑c͒ . Selective area electron diffraction patterns also confirmed the single crystalline nature of the modulation-doped ZnO nanorods.
The electrical characteristics of the doped ZnO nanorods were investigated by measuring the current-voltage ͑I ds -V ds ͒ characteristics of nanorod FETs. Figure 2 shows the typical I ds -V ds characteristics for a series of doped ZnO nanorod FETs with different TMGa mole fractions. The most significant change due to the Ga-modulation-doping was the increased overall conductance with increasing TMGa mole fraction. Neglecting contact resistances, the conductivity ͑͒ of the nominally undoped nanorods increased from 6.3Ϯ 2.1 to 14.5Ϯ 2.8 and 13.6Ϯ 3.1 S / cm for the doped nanorods with TMGa flow rate of 5.8 and 23 mol/ min, respectively. In addition, the conductance of the doped ZnO nanorods could be controlled by the number of modulation-doping cycles. For the doped ZnO nanorods with a TMGa flow rate of 5.8 mol/ min, the conductance was 6.67 S for one cycle of modulation-doped layer deposition, and 15.1 S for four cycles of deposition. The systematic increase in the overall conductance shows that the carrier concentration in the doped nanorods can be controlled by changing either the TMGa mole fraction or the number of cycles of the modulation-doping process.
Further electrical characteristics of the doped ZnO nanorods were investigated by measuring the gate bias ͑V g ͒ dependent current ͑I ds ͒ characteristics ͑transfer characteristics͒ of the nanorod FETs. Figure 3͑a͒ shows I ds -V g curves of undoped and doped ZnO nanorod FETs. For the doped ZnO nanorod FETs, the saturation current increased, and the threshold voltage ͑V th ͒ shifted to the negative direction of the V g -axis. The observation that V th shift to a lower voltage for the doped nanorod FETs indicates that a larger V g must be applied to deplete the carriers completely in the doped devices ͑D2 and D3͒ than that in the undoped ZnO nanorod ͑D1͒ devices. The saturation current level also increased with the dopant concentration since is proportional to the carrier concentration ͑n͒. Accordingly, a significant change in the I ds -V g characteristics was mainly attributed to the increased carrier concentration in the doped ZnO nanorods. Quantitative information on the carrier concentration of the doped nanorods was obtained using the expression of n = C g V th / U, 18 where C g is the gate capacitance and U = 2 L / 4 is a total volume of the nanorod segment between two electrodes. The capacitive coupling between the backgate electrode and the ZnO nanorods was not significantly changed by the geometrical parameters of L and . After analyzing the I ds -V g characteristics of a total of 16 devices, we estimated n = 1.8͑Ϯ0.4͒ ϫ 10 18 cm −3 for the nominally undoped ZnO nanorods and 3.9͑Ϯ1.0͒ ϫ 10 18 cm −3 and 4.7͑Ϯ0.5͒ ϫ 10 18 cm −3 for doped ones with TMGa flow rates of 5.8 and 23 mol/ min, respectively.
In addition to the carrier concentration, the carrier mobility is another key parameter that is affected by the doping concentration. This was estimated by analyzing the transconductance ͑g m = dI ds / dV g ͒, resulting in the peaks near the subthreshold region shown in Fig. 3͑b͒ . From the peak in g m , the corresponding carrier mobility determined from the = L 2 g m / C g V ds was 31.1Ϯ 8.0 for the undoped ZnO nanorods, and 41.7Ϯ 8.6 and 35.5Ϯ 3.4 cm 2 / V s for the doped ones with TMGa flow rates of 5.8 and 23 mol/ min, respectively, indicating that the formation of the Ga-modulationdoping layer did not reduce the charge carrier mobility.
The effect of Ga-modulation-doping on the optical characteristics of the doped ZnO nanorods was investigated by performing the low temperature PL spectroscopy. Figure 4 shows the PL spectra of the nominally undoped and doped ZnO nanorods grown at the two different TMGa flow rates of 5.8 and 23 mol/ min measured at 10 K. All the PL spectra were dominated by near-band-edge emission, while visible emission from deep levels was negligible ͑see the inset͒. The dominant emission peak at 3.363 eV was attributed to neutral donor bound exciton emission ͑I 4 ͒, 19 and the small peak at 3.320 eV was attributed to the two-electron satellite of the donor bound exciton emission. 20 Although there was no significant change in the spectral shape even for the heavily doped nanorods, the lightly doped ZnO nanorods exhibited much higher PL intensity than either the undoped or the heavily doped ZnO nanorods. The increase in the PL intensity observed in the lightly doped nanorods compared to the undoped ones was due to an increase in the donor concentration. However, when the dopant concentration was too high, as in the heavily doped nanorods, the PL intensity fell because of the compensation effect, which induced defect complexes or formed nonradiative defects due to the excess Ga atoms. 21 The compensation effect could be avoided by increasing the number of modulation-doping layers rather than increasing the TMGa mole fraction.
In summary, a Ga modulation-doping technique was employed to control the conductivity of ZnO nanorods and the electrical characteristics of nanorod FETs. The overall conductance of ZnO nanorods was controlled precisely by changing the dopant concentration and the number of cycles in the modulation-doping process. The modulation-doped ZnO nanorod FETs exhibited systematic changes in conductance and threshold voltage with the TMGa mole fraction used in the growth of the nanorods. Furthermore, high performance operation was achieved without any significant degradation of the charge carrier mobility or the transconductance. We believe that this modulation-doping technique offers a reliable route for controlling the conductivity of semiconductor nanorods with high precision, and without negatively affecting other electrical and optical characteristics.
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